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•  Reviews  degradation  of  organic  solar  cells  caused  by  water,  oxygen  and  light  irradiation. 

•  Describes  mechanisms  of  a  few  promising  ways  of  stabilizing  organic  solar  cells. 

•  Overviews  essential  recent  literature  in  stabilization  of  organic  solar  cells. 
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Stability  is  of  paramount  importance  in  organic  semiconductor  devices,  especially  in  organic  solar  cells 
(OSCs).  Serious  degradation  in  air  limits  wide  applications  of  these  flexible,  light-weight  and  low-cost 
power-generation  devices.  Studying  the  stability  of  organic  solar  cells  will  help  us  understand  degra¬ 
dation  mechanisms  and  further  improve  the  stability  of  these  devices.  There  are  many  investigations  into 
the  efficiency  and  stability  of  OSCs.  The  efficiency  and  stability  of  devices  even  of  the  same  photoactive 
materials  are  scattered  in  different  papers.  In  particular,  the  extrinsic  degradation  that  mainly  occurs 
near  the  interface  between  the  organic  layer  and  the  cathode  is  a  major  stability  concern.  In  the  past  few 
years,  researchers  have  developed  many  new  cathodes  and  cathode  buffer  layers,  some  of  which  have 
astonishingly  improved  the  stability  of  OSCs.  In  this  review  article,  we  discuss  the  recent  developments 
of  these  materials  and  summarize  recent  progresses  in  the  study  of  the  degradation/stability  of  OSCs, 
with  emphasis  on  the  extrinsic  degradation/stability  that  is  related  to  the  intrusion  of  oxygen  and  water. 
The  review  provides  detailed  insight  into  the  current  status  of  research  on  the  stability  of  OSCs  and  seeks 
to  facilitate  the  development  of  highly-efficient  OSCs  with  enhanced  stability. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Organic  solar  cells  (OSCs)  are  considered  to  be  a  green  solar 
energy  technology.  OSCs  are  attractive  mainly  because  they  can  be 
fabricated  from  various  organic  compounds  with  modifiable 
structures  and  exhibit  excellent  flexibility,  high  power  conversion 
efficiency  (PCE)  under  low  light  irradiation,  and  promising  see- 
through  power-generation  windows.  Over  the  course  of  the 
past  few  years,  various  aspects  of  organic  solar  cells  have 
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been  extensively  studied,  including  synthesis  and  application 
of  new  materials,  modeling  of  physical  processes,  large-scale 
manufacturing,  stability  improvement,  etc  [1].  The  research  tra¬ 
jectories  of  OSCs  have  been  described  in  various  reviews  [2-6]. 

The  ultimate  aim  of  organic  solar  cell  research  is  to  realize 
efficient  solar  energy  conversion.  In  the  past  two  decades,  OSC  ef¬ 
ficiency  has  been  remarkably  improved  through  new  approaches 
such  as  using  fullerene  electron  acceptors  [7,8],  and  broadening 
OSC  absorption  bands  within  the  solar  spectra  [9].  The  total  energy 
output  of  a  fabricated  solar  cell  equals  the  product  of  its  efficiency 
and  lifetime.  Therefore,  stability  is  an  important  OSC  property  that 
impacts  the  value  (yield  over  cost)  of  an  OSC  system  as  current 
energy  production  is  largely  limited  by  the  low  durability.  Thanks 
to  persistent  efforts,  our  understanding  of  the  degradation  of  OSCs 
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Nomenclatures  and  acronyms 

OLEDs 

organic  light-emitting  diodes 

PEDOT 

poly(3,4-ethylenedioxythiophene) 

fph 

light-induced  electric  current 

PSS 

polystyrene  sulfonate 

Ish 

leakage  current  between  electrodes 

PEDOT :  PSS  poly(3 ,4-ethylenedioxythiophene ) :  poly (p- 

^sh 

shunt  resistance 

styrenesulfonate) 

RP 

parallel  resistance 

HSCs 

hybrid  solar  cells 

Rs 

series  resistance 

MEH-PPV  poly(2-methoxy-5-(2'-ethyl-hexoxy)-l,4-phenylene- 

he 

short-circuit  current 

vinylene) 

Jsc 

short-circuit  current  density 

BCP 

bathocuproine 

Voc 

open-circuit  voltage 

BPhen 

bathophenanthroline 

Pin 

the  total  power  of  the  incident  light  beam 

LBIC 

laser-beam-induced  photocurrent 

fisA 

series  resistance  times  active  area 

TOF-SIMS  time-of-flight  secondary  ion  mass  spectrometry 

the  time  for  PCE  reaching  xx%  of  the  initial  value  or 

PBDTTPD  poly(benzo[  1,2-b  :4,5-b'  ]dithiophene-alt-thieno[3,4-c] 

maximum  value 

pyrrole-4, 6-dione 

the  related  time  according  to  JSc 

MOs 

metal  oxides 

T50 

half-shelf-life 

AZO 

Al-doped  ZnO 

Ac 

concentration  difference 

Alq3 

tris-8-hydroxy-quinolinato  aluminum 

OSCs 

organic  solar  cells 

TPBI 

l,3,5-tris(2-N-phenylbenzimidazolyl)  benzene 

PCE 

power  conversion  efficiency 

P3(TBP)HT  poly[3-(6-{4-tert-butylpyridiniumyl}-hexyl) 

ITO 

indium  tin  oxide 

thiophene-2, 5-diyl] 

PALs 

photoactive  layers 

PCyiBM 

[  6, 6-phenyl-C71 -butyric  acid  methyl  ester 

HTL 

hole-transport  layer 

PBDTTP 

poly({4,8-di(2-ethylhexyloxyl)benzo[l,2-b:4,5-b'] 

ETL 

electron-transport  layer 

dithiophene}-2,6-di  yl)-alt-({5-octylthieno[3,4-c] 

BHJ 

bulk-heterojunction 

pyrrole-4, 6-dione}-l,3-diyl) 

PHJ 

planar-heteroj  unction 

APTES 

3-aminopropyltriethoxysilane 

PCE 

power  conversion  efficiency 

PBDTTT-C  poly{(4,8-bis-(2-ethylhexyloxy)-benzo[  1,2-b ;4,5-b'] 

DIB-SQ 

2,4-bis[4-(N,N-diisobutylamino)-2,6- 

dithiophene}-2,6-diyl-alt-(4-(2-ethylhexanoyl)- 

dihydroxyphenyl  ]  squaraine 

thieno[3,4-b]thiopene)-2,6-diyl] 

Pcs 

phthalocyanines 

PDMAEMA  poly(2-N,N-dimethylaminoethyl  methacrylate) 

P3HT 

poly(3-hexylthiophene-2,5-diyl) 

DSSC 

high-efficiency  dye-sensitized  solar  cell 

PCBM 

[6, 6]-phenyl-C61 -butyric-acid-methyl-ester 

ODE 

ordinary  differential  equation 

H2Pc 

non-metal  phthalocyanine 

MDMO-PPV  poly[2-methoxy-5-(3,7-dimethyloctyloxy)-l,4- 

ZnPc 

zinc  phthalocyanine 

phenylene-vinylene  ] 

FF 

fill  factor 

MeO-TPD  N,N,N/,N/-tetrakis(4-methoxyphenyl)-benzidine 

OPV 

organic  photovoltaic 

PEG 

polyethylene  glycol 

IEC 

International  Electrotechnical  Commission 

PCDTB 

poly[N-9/-heptadecanyl-2,7-carbazole-alt-5,5-(4',7/- 

WVTR 

water  vapor  transmission  rate 

di-2-thienyl-2/,l/,3'-benzothiadiazole)] 

has  been  significantly  deepened.  Numerous  structures  have  been 
developed  to  protect  OSCs  from  degradation  and  the  shelf  lives  of 
unencapsulated  organic  solar  cells  have  been  improved  to  thou¬ 
sands  of  hours.  In  addition,  the  working  lifetime,  of  encapsulated 
organic  solar  cells  under  continuous  irradiation,  has  improved. 
These  efforts  have  made  organic  solar  cells  increasingly  attractive. 
Jorgensen  et  al.  systematically  reviewed  the  degradation  and  sta¬ 
bilization  studies  of  OSCs  until  2012  [10]. 

Recently,  more  efficient  stabilization  methods  have  been  re¬ 
ported,  such  as  the  aluminum-titanium  top  cathodes  [11  ],  and  the 
modified  ITO  bottom  cathodes  [12].  These  methods  improve  the 
half-shelf-lives  of  unencapsulated  OSCs  fabricated  with  morpho¬ 
logically  stable  materials  to  about  one  year  in  air.  This  review  fo¬ 
cuses  on  these  new  developments.  We  cover  the  following  topics  in 
sequence:  how  OSCs  work,  how  OSCs  degrade  including  the  effects 
of  oxygen,  water,  and  light  irradiation,  how  to  stabilize  OSCs,  and 
finally  an  overview  of  relatively  stable  OSCs  appearing  in  recent 
literature.  The  reviewed  papers  are  mainly  based  on  two  morpho¬ 
logically  stable  structures  of  CuPc/C6o  and  P3HT:PCBM. 


2.  Working  principle 


or  transparent  plastic.  These  five  or  six  layers  include  a  transparent 
conductive  electrode  (normally  indium-tin-oxide,  ITO),  a  hole- 
transport  layer  (HTL),  one  or  two  photoactive  layers  (PALs) 
composed  of  an  electron  donor  and  an  electron  acceptor,  an 
electron-transport  layer  (ETL),  and  a  top  metal  electrode  (normally 
Al  or  Ag).  The  HTL  also  functions  as  an  electron-blocking  layer,  or  an 
exciton-blocking  layer.  Similarly,  the  ETL  also  functions  as  a  hole¬ 
blocking  layer.  For  simplicity,  buffer  layers  are  denoted  HTL  and 
ETL  as  shown  in  Fig.  1.  An  extra  encapsulation  film  is  sometimes 
employed.  In  some  cases,  the  PALs  are  doped  or  modified  with 


(a)  (b) 


Cathode 

Cathode 

ETL 

ETL 

Acceptor 

Donor 

HTL 

HTL 

Anode 

Anode 

Planar-heterojunction  OSC  Bulk-heterojunction  OSC 


A  single-junction  OSC  comprises  five  or  six  layers  stacked  on  the 
surface  of  a  supporting  substrate,  which  is  normally  a  piece  of  glass 


Fig.  1.  Schematic  diagrams  of  a  pianar-heterojunction  OSC  (a)  and  a  bulk- 
heterojunction  OSC  (b). 
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Fig.  2.  Photocurrent  generation  mechanism  in  active  layers  of  an  organic  solar  cell.  1 ) 
A  photon  excites  an  electron  to  the  higher  energy  level  (LUMO),  to  form  an  exciton;  2) 
The  exciton  diffuses  to  the  D-A  interface;  3)  charge  transfer  at  the  interface  forms  a 
geminate  electron- hole  pair;  4)  delocalization  of  the  interfacial  electron-hole  pair;  5) 
separated  charges  diffuse  to  electrodes,  driven  by  the  chemical  or  electrical  potential. 


functional  dopants.  Over  200  small-molecular  or  oligomer  organic 
semiconductors  used  in  OSCs  were  recently  reviewed  (see  Ref.  [5]). 

OSCs  are  categorized  by  whether  or  not  the  electron  donor  (D) 
and  acceptor  (A)  layers  form  a  planar  heterojunction  or  are  inter¬ 
mixed  during  fabrication,  to  form  a  bulk-heterojunction  (BHJ)  or 
planar-heterojunction  (PHJ),  as  illustrated  in  Fig.  1.  In  BHJ-OSCs, 
electron  donor  and  acceptor  materials  are  intermixed  during 
fabrication.  For  the  PFIJ-OSCs,  multilayer  semiconductors  are 
deposited  in  sequence.  According  to  which  side  is  close  to  the 
substrate,  OSCs  can  be  categorized  as  conventional  (anode  directly 
on  substrate)  or  inverted  (cathode  directly  on  substrate).  Despite 
the  structural  difference,  working  principles  of  OSCs  are  essentially 
the  same.  Fig.  2  displays  the  OSC  mechanism,  in  which  the  donor 
and  acceptor  absorb  and  convert  incident  light  into  photocurrent. 

OSCs  must  overcome  the  following  obstacles  to  generate 
photocurrents: 

1.  The  absorption  of  photons,  which  generates  tightly-bound  ex- 
citons  instead  of  free  charge  pairs; 

2.  The  low  diffusion  lengths  of  excitons  in  organic  semiconductors; 

3.  The  recombination  of  excited  charges  at  the  D-A  interface; 

4.  The  cooling  of  hot  charge-transfer  excitons  at  the  D-A  interface 
[13,14]; 

5.  The  low  or  imbalanced  carrier  mobilities  in  semiconductors. 

A  widely  used  one-diode  equivalent  circuit  of  an  irradiated  solar 
cell,  including  two  parasitic  resistances  is  shown  in  Fig.  3.  A 


generalized  Shockley  equation  depicting  the  photocurrent  in  Fig.  3 
is  expressed  in  Eq.  (1), 

/-/0x  [eex(™s)MBr  _  t]  _  V-^  Rs  +  /light  =  0  (1) 

where  I  is  the  current  in  the  diode,  V  is  the  applied  external  bias,  Jo 
is  the  saturation  current,  T  is  the  temperature,  Rs  is  the  serial 
resistance,  Rp  is  the  parallel  resistance,  n  is  the  ideality  factor,  /<B  is 
the  Boltzmann  constant,  and  flight  is  the  light-induced  electric 
current.  The  serial  resistance  (Rs)  is  a  parasitic  resistance  origi¬ 
nating  from  the  resistance  of  bulk  semiconductors  and  connections 
of  electrodes.  Rs  should  ideally  be  zero.  Too  high  an  Rs  or  too  low  an 
RSh  causes  the  failure  of  a  solar  cell.  The  parameters  of  an  OSC 
appearing  in  Fig.  3a  can  be  extracted  from  one  single  I—V  curve 
[15,16].  The  actually  measured  I—V  curves  tested  under  light  irra¬ 
diation  are  typically  deviated  from  the  ideal  curve  [16,17]. 

Short-circuit  current  (Jsc)  is  defined  as  the  current  at  V  =  0, 
corresponding  to  the  intersection  of  the  I—V  curve  with  the  current 
axis.  Short-circuit  current  density  (Jsc )  is  often  used  in  literature. 
The  open-circuit  voltage  (V0c),  defined  as  the  voltage  at  /  =  0, 
corresponds  to  the  intersection  of  the  I—V  curve  with  the  voltage 
axis.  The  maximum  power  Pmax  corresponds  to  the  maximum  area 
of  the  square  in  the  fourth  quadrant.  Fill  factor  (FF)  is  calculated 
according  to  FF  =  Pmax/Usc  x  Voc)-  FF  describes  the  deflation  of  the 
I—V  curve  in  the  fourth  quadrant.  Power  conversion  efficiency  (PCE) 
is  defined  as  the  ratio  of  Pmax  to  the  total  power  of  the  incident  light 
beam  P[nm.  PCE  =  Pmax/Fm- 

Qi  and  Wang  summarized  factors  influencing  V0c  and  FF  [18,19]. 
Briefly,  Voc  is  determined  by  the  summation  of  the  offsets  of  energy 
levels  where  excited  charges  are  separated,  and  is  also  influenced 
by  temperature,  illumination  intensity,  material  microstructure, 
etc.  FF  loss  is  typically  indicated  by  the  appearance  of  the  S-shape 
I—V  curve,  which  is  caused  by  the  electric  field  formed  by  accu¬ 
mulated  charges  in  devices.  Scharber  et  al.  suggested  that  a  donor 
material  with  a  FIOMO  of  5.4  eV,  and  a  bandgap  of  1.4  eV  is  most 
suitable  for  coupling  with  fullerene  to  achieve  a  theoretical  PCE  up 
to  10%  [20]. 

Chen  et  al.  reported  a  small-molecular  OSC  with  V0c  of  0.86  V 
and  PCE  of  6.3%  by  co-depositing  2,4-bis[4-(N,N-diisobutylamino)- 
2,6-dihydroxyphenyl]  squaraine  (DIB-SQ)  and  C70.  The  squaraine 
derivative  has  a  bandgap  of  1.7  eV  and  a  HOMO  of  5.3  eV.  They  also 
noted  that  PCE  of  this  system  is  not  very  sensitive  to  donor/acceptor 
blending  ratio  and  film  thickness  [21]. 

Phthalocyanines  (Pcs)  are  common  OSC  electron  donors,  not 
only  due  to  their  strong  absorption  in  the  visible  part  of  the  solar 
spectra,  but  also  due  to  their  extraordinarily  high  thermal  and 


Fig.  3.  (a)  Equivalent  circuit  of  a  single-diode  solar  cell  under  light  irradiation,  (b)  Dark  (black)  and  illuminated  (red)  I-V  curves  of  an  ideal  solar  cell  (n  =  1,  Rs  =  0  and  Rs h  =  °° ).  (For 
interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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chemical  stability  and  environmental  safety.  Copper  phthalocya- 
nine  (CuPc),  non-metal  phthalocyanine  (H2Pc)  and  zinc  phthalo- 
cyanine  (ZnPc)  are  popular  Pcs  that  are  used  in  OSCs.  The  latter  two 
Pcs  are  normally  used  to  fabricate  the  so-called  p-i-n  OSCs,  i.e. 
vacuum-processed  BHJ-OSCs.  Sakai  and  Hiramoto  fabricated  p-i-n 
OSCs  with  PCE  of  5.3%  under  simulated  74.2  mW  cm-2  solar  light, 
despite  a  relatively  low  V0c  of  0.4  V.  They  used  a  very  thick 
(960  nm)  blending  /-interlayer  composed  of  H2Pc:C6o-  They 
annealed  the  device  during  codeposition  to  enhance  the  device 
performance,  and  pointed  out  that  high  purities  of  the  two  source 
materials  are  indispensable  to  the  increased  thickness  of  the 
blending  interlayer  [22].  Interestingly,  Wagner  et  al.  suggested  that 
a  CuPc:C6o  blend  was  not  suitable  for  such  a  p-i-n  structure  [23]. 

The  most  studied  polymer  in  BHJ-OSCs  is  the  morphologically 
stable  regioregular  poly(3-hexyl  thiophene)  (P3HT)  [24].  It  acts  as 
the  donor  and  is  usually  blended  with  [6, 6]-phenyl-C61 -butyric- 
acid-methyl-ester  (PCBM)  to  constitute  the  PAL.  Chemical  struc¬ 
tures  of  CuPc,  C50,  P3HT  and  PCBM  are  shown  in  Fig.  4. 

3.  Degradation  of  OSCs 

The  degradation  of  OSCs  means  the  degradation  of  device 
capability  (particularly  the  PCE)  and  not  necessarily  chemical 
degradation  of  the  composite  materials.  Depending  on  the  signifi¬ 
cance  of  air  exposure,  the  degradation  of  OSCs  can  be  divided  into 
intrinsic  and  extrinsic  degradation.  The  former  is  caused  by  the 
thermal  interdiffusion  of  constituent  species  inside  OSCs,  while  the 
latter  is  caused  by  the  intrusion  of  air.  Both  types  of  degradation  are 
mass-transport  processes  (diffusion).  The  metal-organic  interfaces 
are  the  major  interfaces  where  degradation  occurs,  even  in  OSCs 
that  are  stored  in  an  inert  atmosphere  [25]. 

3.1.  Intrinsic  degradation 

The  intrinsic  degradation  of  OSCs  originates  from  thermal 
diffusion  of  constituent  materials  at  interfaces.  It  includes  phase 
separation  at  the  organic-cathode  interface,  where  an  intrinsic 
stress  exists  26],  phase  segregation  at  semiconductor  interfaces 
[27],  and  inter-diffusion  at  buffer  layer  interfaces  [28].  Morpho¬ 
logical  evolution  inside  the  BHJ-OSCs  has  been  reviewed  29],  and 
physically  modeled  [30]. 

Besides  PCE,  V0c  is  another  important  factor  that  demands  high 
stability  in  practical  use.  Voc  can  be  unstable  during  aging  at  a  high 
temperature  [31].  This  may  come  from  the  interaction  between 
fullerene  and  aluminum,  which  increases  the  work  function  of 
aluminum  [32],  likely  forming  a  Schottky  junction  between  the 
acceptor  and  the  cathode.  Aging  tests,  at  a  high  temperature, 
accelerate  thermal  diffusion  of  aluminum  because  aluminum  has  a 
low  recrystallization  temperature.  The  intermixing  of  aluminum 


and  organic  layers  during  deposition  is  detrimental  to  the  interfa¬ 
cial  charge  transport  [33].  Hermenau  et  al.  proposed  that  the 
interdiffusion  between  aluminum  or  ITO  and  organic  layers  after 
fabrication  causes  negligible  degradation  [34]. 

One  recent  report  shows  that  organic  photovoltaic  (OPV)  mod¬ 
ules  from  Konarka  passed  the  International  Electrotechnical  Com¬ 
mission  (IEC)  chamber  tests.  The  three  parallel  tests  include:  1000  h 
damp  heat  test  at  85  °C  and  85%  RH,  200  cycles  of  thermal  cycling 
test  from  40  °C  to  85  °C,  and  a  sequential  test  comprising  of  a  UV 
precondition,  50  cycles  of  TC  test,  and  10  cycles  of  humidity  freeze 
test  from  40  °C  to  85  °C  and  85%  RH.  These  Konarka  modules  were 
encapsulated  with  flexible  barriers  with  a  low  water  vapor  trans- 
mission  rate  (WVTR)  of  5  x  10“3  g  m“2  cT1  at  65  °C,  85%  RH.  Such 
high  intrinsic  stability  might  be  correlated  with  the  epoxy  cross- 
linking  agent  used  at  the  PAL-cathode  interface.  Replacing  the 
flexible  barriers  with  glass  further  improved  the  stability.  They 
accordingly  attributed  the  observed  degradation  of  modules  to 
extrinsic  degradation  caused  by  water  intrusion  [35]. 

Using  morphologically  stable  materials  including  P3HT:PCBM 
and  CuPc/C60  as  the  PALs,  the  degradation  of  devices  is  mainly  the 
extrinsic  degradation  caused  by  the  intrusion  of  air  (oxygen  and 
water).  The  extrinsic  degradation  can  be  accelerated  by  light  irra¬ 
diation.  In  the  following  subsections,  we  discuss  the  influence  of 
oxygen,  water  and  light  irradiation  on  the  stability  of  OSCs. 

3.2.  Oxygen  in  OSCs 

Intrusion  of  oxygen  and  water  are  the  two  main  causes  of 
extrinsic  degradation.  The  relative  significance  between  these  two 
factors  is  frequently  argued  in  literature.  OSCs  and  organic  light- 
emitting  diodes  (OLEDs)  are  based  on  similar  materials  but  are 
degraded  by  different  mechanisms.  In  OLEDs,  water  causes  the 
major  extrinsic  degradation  [26].  Nonetheless,  oxygen  is  dominant 
in  the  extrinsic  degradation  in  some  OSCs  due  to  the  following 
factors.  First,  fullerene  is  hydrophobic  and  does  not  react  with 
water.  Aluminum,  however,  can  become  passivated  against  water- 
induced  corrosion  in  the  presence  of  fullerene  [36].  Second, 
electron-transport  properties  of  fullerene  suffer  much  from  the 
exposure  to  oxygen  in  air  [37].  Third,  oxygen  increases  the  work 
functions  of  metals  by  forming  surface  dipoles  [38],  which  deteri¬ 
orate  the  performance  of  conventional  OSCs,  but  may  temporarily 
enhance  the  performance  of  inverted  OSCs  39]. 

Norrman  et  al.  fabricated  OSCs  with  a  structure  of  ITO/ZnO/ 
PCBM:P3HT/PEDOT:PSS/Ag,  and  found  that  oxygen  causes  more 
significant  degradation  of  encapsulated  OSCs,  whereas  both  water 
and  oxygen  cause  serious  degradation  of  unencapsulated  OSCs 
(Fig.  5).  The  top  PEDOT:PSS  layer  impedes  the  intrusion  of  air  more 
efficiently  than  the  aluminum  cathodes  used  in  conventional  OSCs 
[24], 


Fig.  4.  Chemical  structures  of  four  common  organic  semiconductors  used  in  OSCs.  Left  to  right:  CuPc,  C6o,  P3HT,  and  PCBM. 
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Fig.  5.  Degradation  of  encapsulated  and  unencapsulated  devices  under  continuous  illumination  (330  W  m  2,  AM1.5G,  65  ±  2  °C)  in  an  oxygen-free  isotopically  labeled  humid 
atmosphere  (65  ±  2%  RH,  left)  or  in  a  dry  (<0.1%  RH)  isotopically  labeled  oxygen  atmosphere  (20%  1802,  80%  N2)  right)  [24]. 


Oxygen  may  also  constructively  affect  the  electronic  properties 
of  other  constituent  materials  in  OSCs.  Oxygen  is  normally  a  p-type 
dopant  (electron  trap)  in  semiconductors  [40,41  ,  whereas  oxygen 
vacancies  serve  as  electron  donors  [42].  Therefore,  the  electronic 
properties  of  the  layers  in  which  holes  are  the  majority  carrier  may 
temporarily  be  enhanced  upon  exposure  to  oxygen. 

Lira-Cantu  et  al.  fabricated  inverted  organic-inorganic  hybrid 
solar  cells  (HSCs)  with  a  structure  of  ITO/oxides/MEH-PPV/Ag,  and 
found  that  applying  the  semiconductor  oxides,  such  as  ZnO,  or  Ti02, 
or  Nb205,  requires  the  presence  of  oxygen  for  the  correct  func¬ 
tioning  of  the  semiconductor  oxides  as  electron  acceptors.  These 
HSCs  degrade  drastically  under  light  irradiation  in  vacuum,  but  are 
partially  recovered  upon  exposure  to  air  [43].  They  proposed  that 
the  degradation  is  due  to  the  removal  of  oxygen  from  the  Nb2Os 
surface  under  UV  irradiation,  whereas  the  recovery  of  performance 
in  air  comes  from  the  reuptake  of  oxygen  [44].  Later,  they  proposed 
another  oxygen-related  mechanism  to  explain  the  photo-activation 
of  OSCs,  in  which  ZnO  was  used  as  the  ETLs.  In  this  case,  however, 
the  photoconductivity  of  ZnO  was  proposed  to  be  activated  upon 
exposure  to  UV  irradiation  [45]. 

Conventional  OSCs  generally  suffer  from  extrinsic  degradation 
in  air  [46].  To  overcome  this  issue,  researchers  typically  fabricate 
inverted  OSCs.  In  inverted  OSCs,  the  sequence  of  the  layers  in  Fig.  1 
is  inverted.  The  inverted  structure  can  protect  OSCs  from  rapid 
degradation  in  air  to  some  extent  (Fig.  6).  Even  in  inverted  OSCs, 
oxygen  intrusion  into  the  fullerene  layer  still  causes  rapid  degra¬ 
dation  [47].  The  top  buffer  layers  in  inverted  OSCs,  which  are 
composed  of  PEDOT:PSS,  might  degrade  due  to  the  phase 


separation  in  the  presence  of  oxygen  [24].  Wang  et  al.  showed  that 
the  shelf  lives  of  inverted  small-molecule  OSCs  (CuPc/C6o)  could  be 
greatly  improved  to  about  950  h  in  air  [32].  In  this  case,  the  ambient 
oxygen  takes  a  longer  time  to  diffuse  to  the  bottom  fullerene  layer. 

Andreasen  et  al.  quantitatively  studied  the  time-dependent 
oxygen  concentration  in  OSCs,  and  found  that  oxygen  accumu¬ 
lates  in  the  active  layers,  with  a  linear  time  dependence,  leading  to 
OSCs  degradation  (Fig.  7)  [49]. 

Besides  increasing  the  work  function  of  metals,  oxygen  also 
oxidizes  active  metals.  This  may  influence  the  interfacial  charge 
transport,  at  different  degradation  stages,  depending  on  oxide 
thickness  and  electric  conductivity.  If  the  oxide  layer  is  (semi-) 
conducting,  or  if  it  is  insulating  but  too  thin  to  block  electrons  to 
transport,  exposure  to  oxygen  may  not  influence  the  device  per¬ 
formance.  However,  if  the  oxide  is  insulating  and  thick,  the  electron 
tunneling  will  diminish  at  the  interface  and  degrade  performance. 

In  some  labs,  as-fabricated  PALs  are  transferred  to  vacuum  for 
the  deposition  of  top  electrodes.  The  PALs  are  exposed  to  air  and 
adsorb  oxygen  during  the  transfer.  The  strong  oxygen  affinity  of 
fullerene  impedes  the  removal  of  adsorbed  oxygen  [50].  Tavakkoli 
et  al.  reported  that  pre-exposure,  before  the  deposition  of  the  top 
electrodes,  causes  more  serious  device  degradation  [51].  Roesch 
et  al.  found  that  the  working  pressure  of  the  vacuum  chamber  in 


T  (%  of  initial  performance) 


Fig.  7.  Oxygen  contents  as  a  function  of  loss  in  performance.  The  Riso  DTU  P  has  a 
structure  of  UV-fiier/PET/ITO/ZnO/PCBM:P3HT/PEDOT:PSS/Ag  grid/UV-filter.  The  Riso 
DTU  S  has  a  slightly  modified  P3HT  polymer  P3HT-co-P3AcET,  with  part  of  the  hexyl 
side  chains  oxidized  to  ester  [49]. 
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which  the  top  electrodes  are  deposited  influences  the  stability  of 
fabricated  devices  [52]. 

3.3.  Water  induced  degradation 

According  to  a  number  of  reports,  the  effect  of  oxygen  on  the 
extrinsic  degradation  of  OSCs  is  less  significant  than  that  of  water 
[34,53-55].  It  is  well  known  that  the  surface  of  aluminum  in  dry  air 
is  immediately  passivated  by  the  formation  of  an  ultrathin  oxide 
layer  of  ca.  2—3  nm,  which  is  thin  enough  for  charges  to  tunnel. 
However,  in  a  humid  environment,  the  thickness  of  oxide  doubles 
and  therefore  blocks  charge  tunneling.  Unlike  the  above- 
mentioned  constructive/destructive  effects  of  oxygen,  almost  no 
constructive  effect  of  water  on  OSCs  has  ever  been  suggested.  The 
ambient  humidity  has  been  suggested  to  play  an  important  role  in 
the  degradation  of  OSCs,  particularly  those  with  hydrophilic  ma¬ 
terials,  like  PEDOT:PSS  [56],  or  bathocuproine  (BCP),  or  bath- 
ophenanthroline  (BPhen)  [34].  The  physical  swelling  or 
recrystallization  of  these  materials,  as  well  as  the  corrosion  of 
active  cathodes  in  the  presence  of  these  hygroscopic  materials  ac¬ 
celerates  the  degradation  of  the  devices  by  forming  insulating  in¬ 
terfaces  or  interfacial  voids. 

Petersen  et  al.  reported  a  distinct  divergence  between  oxygen- 
induced  degradation  and  water-induced  degradation  of  OSCs,  in 
which  a  polymeric  donor  having  ester  groups  on  the  side  chain  was 
used.  The  OSCs  show  very  high  resistance  to  oxygen,  but  very  low 
resistance  to  water  [54].  Norrman  et  al.  found  that  90%  RH  induces 
the  rapid  degradation  of  BHJ-OSCs.  Using  labeled  H280,  they  found 
that  water  diffuses  through  the  grain  boundaries  in  the  aluminum 
cathode  even  in  the  dark.  The  penetrated  water  continues  diffusing 
vertically  throughout  the  PAL  to  the  ITO  layer.  The  vertical  diffusion 
of  water  in  the  PAL  was  accelerated  by  light  irradiation  56]. 

It  should  be  noted  that  water  in  air  generally  affects  OSCs  seri¬ 
ously  at  high  RH.  This  suggests  that  the  effect  of  humidity  is 
nonlinear  with  RH.  Voroshazi  et  al.  proposed  an  exponential  rela¬ 
tion  between  RH  and  the  shelf  lives  of  unencapsulated  OSCs  at 
room  temperature  (Fig.  8).  The  degradation  of  these  BHJ-OSCs  was 
attributed  to  the  oxidation  of  active  cathodes  caused  by  water 
intruding  from  device  edges.  In  the  same  report,  they  inserted  5  nm 
fullerene  layers  between  the  PALs  and  Yb/Al  cathodes,  without 
noticing  any  impairment  of  stability  in  air  [55]. 

It  is  usually  assumed  that  the  water-induced  degradation  is 
related  to  PEDOT:PSS,  the  most  common  HTL  in  both  conventional 


RH  (%) 

Fig.  8.  Lifetime  (T80,  defined  as  the  time  for  PCE  drops  to  80%  of  its  initial  value)  of 
BHJ-OSCs  at  different  humidity  levels  with  PEDOT:PSS  (red  triangles)  and  Mo03  (blue 
circles)  [55].  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


and  inverted  OSCs.  In  conventional  OSCs,  PEDOT:PSS  is  adjacent  to 
ITO,  and  the  chemical  reaction  between  ITO  and  PEDOT:PSS  is  often 
suggested  as  the  cause  of  device  degradation  [57].  However,  in 
general,  PEDOT:PSS  accelerates  the  degradation  of  unencapsulated 
devices,  not  due  to  its  acidity,  but  due  to  its  hygroscopicity  [55].  If 
the  moisture  adsorbed  by  PEDOT:PSS  is  released,  it  can  continue  to 
diffuse  through  the  active  layers  and  finally  corrode  the  active 
electrodes.  On  the  other  hand,  in  inverted  OSCs,  PEDOT:PSS  is 
adjacent  to  the  top  anodes  which  are  usually  composed  of  relatively 
stable  metals  like  silver.  The  influence  of  humidity  on  stability  in 
this  case  is  the  deterioration  of  the  PEDOT-PSS— PAL  interfaces 
[24]. 

By  inserting  a  thin  titanium  layer,  which  possesses  an  extraor¬ 
dinarily  high  corrosion  resistance  beneath  the  aluminum  cathode, 
the  corrosion  resistance  of  the  aluminum  cathode  is  greatly 
enhanced.  AlTi— OSCs  with  HTLs  of  PEDOT:PSS  were  more  stable 
than  those  with  M0O3  in  ambient  atmosphere  (Fig.  9).  On  the 
contrary,  Al-OSCs  with  HTLs  of  PEDOT:PSS  were  less  stable  than 
those  with  M0O3,  which  is  consistent  with  the  reports  we  now 
discuss. 

Yamanari  et  al.  probed  the  laser-beam-induced  photocurrent 
(LBIC)  of  different  cells  with  HTLs  of  PEDOT:PSS  or  MoOx  or  without 
HTL,  and  found  that  the  degradation  of  OSCs  in  the  presence  of 
PEDOT:PSS  is  caused  by  the  accelerated  oxidation  of  aluminum.  The 
device  with  PEDOT:PSS  suffers  seriously  from  the  peripheral 
intrusion  of  air  from  device  edges  (Fig.  10)  [58].  Similarly,  Sun  et  al. 
fabricated  OSCs  with  PEDOT:PSS  or  MoOx  as  HTLs  and  TiOx  as  ETLs, 
and  found  that  the  MoOx  devices  are  more  stable  than  the 
PEDOT:PSS  devices  [59]. 

These  results  show  negligible  degradation  that  could  be  attrib¬ 
uted  to  the  acidity  of  PEDOT:PSS.  The  reduced  shelf  lives  of  Al-OSCs 
containing  PEDOT:PSS  are  doubtlessly  correlated  with  the  acceler¬ 
ated  corrosion  of  the  active  cathodes,  viz.  aluminum. 

Hermenau  et  al.  quantitatively  studied  the  degradation  of  small- 
molecular  OSCs  with  different  encapsulation  barriers.  They  found 
that  a  100  nm  thick  aluminum  cathode  possesses  a  WVTR  of 
8  x  10-4  g  m-2  d  1  (glass  barrier  used  in  this  report  has  a  WVTR  of 
3.9  X  1(T5  g  m-2  d-1)  at  45  °C,  5.5%  RH.  They  concluded  that 
approximately  10  mg  m-2  water  is  the  dose  corresponding  to  the 
half-shelf-life  (T50)  of  an  OSC  [60].  Assuming  that  this  dose  is  valid 
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Fig.  9.  Comparison  of  four  OSCs  with  structures  of  ITO/HTL  (PEDOT:PSS  or  M0O3)/ 
CuPc/C6o/BCP/cathode  (Al  or  Ti/Al).  The  devices  were  not  encapsulated  and  stored  in 
ambient  air  (20  °C,  60%  RH  on  average).  Large  shunts  initially  shorted  the  Mo03-AlTi- 
OSC  (red  triangle).  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  10.  LBIC  images  for  (a— c)  fresh  and  (a'-c')  degraded  cells  with  different  types  of  buffer  layer  stored  in  the  dark  in  ambient  air  for  approximately  300  h:  (a,  a')  PEDOT:PSS,  (b,  b') 
MoOx,  and  (c,  c')  no  buffer  layer  [58]. 


for  other  structures  at  room  temperature,  the  AlTi  bilayer  cathode, 
with  a  T50  of  250  days  [11],  has  a  WVTR  of  4  x  10“5  g  m~2  cT1  at 
20  °C,  60%  RH.  Considering  the  relatively  higher  stability  of  BPhen 
compared  to  BCP  51,61],  the  actual  WVTR  of  the  AlTi  bilayer 
cathode  might  be  even  lower. 

However,  the  bilayer  cathodes  could  be  ruptured  by  high  hu¬ 
midity,  as  shown  in  Fig.  11.  Exposure  to  high  humidity  (RH  >90%) 
for  a  few  hours  resulted  in  the  rupture  of  the  cathodes.  More 
importantly,  the  rupture  mainly  occurred  in  areas  where  LiF  was 
deposited  (region  A).  Such  ruptures  were  probably  formed  by  the 
corrosion  of  aluminum  at  the  cathode-organic  interfaces.  LiF  (re¬ 
gion  A)  and  BCP  (region  C)  caused  much  more  serious  rupture 
compared  to  bare  C6o  (region  B).  The  bottom  PEDOT:PSS  layer 
seemed  to  have  no  relation  to  the  moisture-induced  rupture,  since 
region  B  is  intact.  This  was  presumably  a  consequence  of  the  above- 
mentioned  passivation  of  aluminum  by  fullerene  [36]. 

These  results  are  consistent  with  the  previous  finding  that  water 
mainly  diffuses  into  OSCs  through  the  grain  boundaries  in  the 
aluminum  cathodes  instead  of  through  peripheral  edges  [56].  It 
again  confirms  that  PEDOT:PSS  alone  does  not  cause  the  degrada¬ 
tion  of  OSCs  if  the  cathodes  are  corrosion-proof. 


95%  RH,  10  h  91%  RH,  10  h 


A:  IT O/P EDOT : PSS/PAL/Li F/Ti/AI  C:  ITO/Mo03/PAL/BCP/Ti/AI 

B:  ITO/PEDOT:PSS/PAL/Ti/AI 

Fig.  11.  Photographs  of  ruptured  AlTi  cathodes  after  exposure  to  high  humidity  for  10  h 
(PAL  =  CuPc/Ceo).  The  RH  was  monitored  with  a  USB  logger.  The  two  distinguishable 
regions  A  and  B  in  the  left  figure  were  formed  due  to  the  non-uniformity  of  LiF.  Both 
devices  degraded  almost  totally  in  high  humidity  (left:  100%  lost;  right:  90%  lost),  and 
recovered  slowly  when  stored  subsequently  in  normal  air  (left:  ~  15%  recovered;  right: 
>50%  recovered). 


3.4.  Light  irradiation  induced  degradation 

Except  the  above-mentioned  photo-activation  of  some  OSCs 
[10,45],  light  irradiation  normally  accelerates  the  degradation  of 
OSCs  in  the  following  three  ways.  First,  the  thermal  effect  of  strong 
light  irradiation  might  accelerate  the  intrinsic  degradation  of  OSCs 
[27].  Second,  light  irradiation  causes  the  photo-degradation  of 
organic  semiconductors  [62].  TOF-SIMS  analysis  shows  that  light 
irradiation  causes  the  oxidation  of  organic  semiconductors  nearby 
the  organic— aluminum  interface  [63].  Third,  light  irradiation  ac¬ 
celerates  the  diffusion  of  both  oxygen  and  water  in  the  bulk  of  PAL 
[50,56,63,64]. 

One  intriguing  phenomenon  is  that,  light-induced  degradation 
can  usually  be  partially  recovered  in  the  dark  [41,65].  This  recovery 
is  temperature  independent  [66].  When  aluminum  was  used  as  the 
cathodes,  such  recovery  was  observed  only  on  an  unencapsulated 
OSC,  but  not  on  encapsulated  OSC,  suggesting  that  it  is  probably 
related  to  oxygen  [64].  The  photo-induced  ‘fatigue’  and  the  sub¬ 
sequent  recovery  in  the  dark  might  be  related  to  the  photo¬ 
excitation  and  extinction  of  singlet  oxygen  in  fullerene,  respec¬ 
tively  [67  .  Singlet  oxygen  has  an  energy  level  0.98  eV  higher  than 
the  triplet  ground-state  [68],  and  will  accordingly  affect  the  charge 
transfer  at  the  donor-acceptor  interface  more  significantly. 
Fullerene  also  quenches  singlet  oxygen,  which  explains  the  rela¬ 
tively  short  recovery  time  of  the  photo-fatigued  OSCs  in  dark 
(30  min)  compared  to  the  lifetime  of  singlet  oxygen  (60  min). 

Andreasen  et  al.  quantitatively  probed  the  influence  of  light 
irradiation  and  thermal  annealing  on  the  amount  of  oxygen 
uptaken  by  PALs  (Fig.  12).  Annealing  in  the  dark  reduces  the  oxygen 
amount  (purple  curve),  whereas  illumination  increases  the  oxygen 
amount  (green  curve).  Long-term  light  irradiation  further  causes 
the  reaction  (deep  trapping)  of  oxygen  (red  curve).  The  decreases  of 
oxygen  contents  as  a  function  of  time  in  vacuum  were  attributed  to 
the  reversible  formation  of  a  charge  transfer  complex  between 
P3HT  and  oxygen  [49].  Note  that  light  also  causes  another  similar 
well-known  reversible  trapping  of  oxygen  in  fullerene  [50,69,70]. 
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Time  in  vacuum  (min) 

Fig.  12.  Normalized  oxygen  intensity  of  the  film  as  a  function  of  time  in  vacuum  for 
spin-coated  P3HT:PCBM  films  [49]. 

It  might  be  argued  that  the  light-induced  degradation  depends 
on  the  intensity  of  light  irradiation.  However,  Hermenau  et  al. 
found  that  there  is  no  clear  correlation  between  the  light  irradia¬ 
tion  intensity  (24-478  mW  cm-2)  and  the  degradation  of  both 
encapsulated  and  unencapsulated  OSCs  [60]. 

4.  Ways  of  stabilizing  OSCs 

As  mentioned  above,  OSCs  need  to  be  intrinsically  and  extrin- 
sically  stable.  In  addition,  flexible  OSCs  should  be  mechanically 
stable.  Crystalline  structures  of  rigid  materials  in  OSCs  can  be 
irreversibly  damaged  under  small-angle  bending.  To  be  flexible,  ITO 
electrodes  can  be  replaced  with  organic  conducting  materials,  like 
PEDOT:PSS  [71],  or  single-walled  carbon  nanotubes  72].  Finally, 
the  organic  semiconductors  used  in  OSCs  need  to  be  chemically 
stable  under  solar  irradiation  [62,73]. 

Stabilization  of  OSCs  is  structure  dependent.  In  this  section,  we 
first  briefly  discuss  a  few  ways  of  improving  the  intrinsic  stability  of 
OSCs,  and  then  we  discuss  a  few  common  ways  of  improving  the 
extrinsic  stability  of  conventional  and  inverted  OSCs.  Two  general 
ways  are  to  use  metal  oxides  as  the  buffer  layers,  and  silver  as  the 
top  anodes.  We  further  discuss  two  newly  developed  effective 
stabilization  methods,  with  each  only  applicable  to  one  type  of 
structure.  Titanium— aluminum  can  be  used  as  the  top  cathode  in 
conventional  structures,  whereas  modified  ITO  can  be  used  as  the 
bottom  cathode  in  inverted  structures. 

4.1.  Improving  the  intrinsic  stability 

There  are  several  ways  of  improving  the  intrinsic  stability  of 
OSCs.  One  can  improve  the  intrinsic  (thermal)  stability  by 
enhancing  the  cathode-PAL  interface  using  cross-linked  epoxy  35]. 

Another  way  is  to  use  multilayer  cathodes.  For  conventional 
structures,  Reese  et  al.  found  that  inserting  alkaline  earth  metals 
like  Ca  or  Ba  beneath  the  Al  cathodes  can  enhance  the  efficiency 
and  shelf  stability  of  OSCs  stored  in  a  glove  box  [74  .  For  inverted 
structures,  Zimmermann  et  al.  found  that  Cr/Al/Cr  trilayer  cathodes 
could  protect  OSCs  under  continuous  light  irradiation  in  an  inert 
atmosphere.  They  also  concluded  that  Ti/Al/Ti  trilayer  cathodes  are 


less  stable  than  the  Cr/Al/Cr  cathodes  again  under  inert  atmosphere 
[75].  Note  that  CrOx  was  also  used  in  OSCs  to  improve  the  extrinsic 
stability  [76]. 

Improving  the  purity  of  the  component  materials  can  also 
improve  the  intrinsic  stability  of  OSCs.  Mateker  et  al.  fabricated 
devices  with  a  structure  of  ITO/PEDOT:PSS/PBDTTPD:PCBM/Ca/Al 
and  found  that  the  shelf  stability  of  these  devices  stored  in  an  inert 
atmosphere  is  significantly  improved  through  the  purification  of 
PBDTTPD.  The  improved  shelf  stability  was  attributed  to  the 
removal  of  low-molecular-weight  organic  contaminants  in 
PBDTTPD.  They  further  proposed  that  the  small  organic  impurities 
might  diffuse  to  the  PAL-cathode  interface,  causing  S-shape  fea¬ 
tures  (kinks)  in  the  reverse  bias  region  of  l—V  curves  upon  reaction 
with  the  metal  cathode  or  interlayer  [77]. 

For  extrinsic  stability,  virtually  all  stabilization  approaches  rely 
on  this  simple  principle:  hindering  the  diffusion  of  oxygen/water 
into  the  acceptor-cathode  interface,  and  facilitating  the  effusion  of 
oxygen/water  from  this  interface  to  render  OSCs  more  stable  in  air. 
Two  ways  are  available.  One  is  to  develop  flexible  encapsulation 
films  with  low  oxygen  transmission  rates,  low  WVTRs  and  strong 
UV  absorption.  The  other  way  is  to  enhance  the  air  resistance  of 
OSCs  by  using  functional  layers.  We  focus  on  recent  developments 
of  the  second  method  to  improve  the  stability  of  OSCs  without 
encapsulation. 

4.2.  Metal  oxides  as  buffer  layers 

Semiconducting  metal  oxides  (MOs)  are  popular  buffer  layers 
that  have  been  widely  used  beneath  the  top  electrodes  to  improve 
the  extrinsic  stability  of  both  conventional  and  inverted  OSCs. 
Three  commonly  used  metal  oxides  are  titanium  oxides  (ETL),  zinc 
oxides  (ETL)  and  molybdenum  oxides  (HTL).  According  to  Fields 
first  law  of  diffusion,  the  diffusion  rate  through  a  metal  (M)  layer  is 
proportional  to  the  concentration  difference  (Ac)  on  both  sides 
(Fig.  13).  Oxygen  usually  has  a  low  diffusion  constant  in  MO 
compared  to  M,  thereby  forming  a  large  concentration  gradient 
across  the  MO  layer.  The  higher  concentration  of  oxygen  at  the  M- 
MO  interface  (Fig.  13,  c3)  compared  to  the  M-PAL  interface  (Fig.  13, 
c2)  sufficiently  reduces  Ac,  thereby  reducing  the  diffusion  rate  of 
oxygen  from  air  to  PAL. 

ZnO  and  TiOx  are  two  popular  ETLs  that  have  been  widely  used 
in  both  conventional  and  inverted  OSCs.  Both  materials  can  be 
processed  from  solution  [48,78],  and  are  thus  compatible  with 
large-scale  manufacturing.  TiOx  is  typically  prepared  from  pre¬ 
cursors  solved  in  isopropyl  alcohol,  followed  by  repeated  heating.  Li 
et  al.  showed  that  TiOx  scavenges  oxygen  under  light  irradiation, 
which  is  probably  related  to  the  photo-oxidation  of  bound  organic 
moieties  [79].  Prior  to  the  application  of  TiOx  to  OSCs,  Hansel  et  al. 
fabricated  OSCs  using  Ti02  as  cathode  buffer  layers  (different  from 
DSSC).  The  Ti02  was  deposited  by  heating  T^Os  in  a  vacuum 


air  M  PAL  air  M  MO  PAL 


(a)  (b) 

Fig.  13.  Illustration  of  the  steady-state  oxygen  concentration  gradient  nearby  the  top 
electrode  of  an  OSC  in  air,  without  (a),  and  with  (b)  metal  oxide. 
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chamber  with  an  oxygen  partial  pressure  of  2.5  x  10-3  Pa.  Note  that 
no  fullerene  was  used  in  their  devices.  Under  continuous  irradia¬ 
tion  in  vacuum,  the  OSCs  with  Ti02  were  less  stable  than  those 
without  Ti02  [80].  This  reveals  that,  without  oxygen  deficit,  tita¬ 
nium  oxides  cannot  stabilize  OSCs  in  the  inert  atmosphere. 

You  et  al.  compared  the  stability  of  encapsulated  devices  with 
ETLs  of  ZnO  or  Cs  doped  Ti02,  and  found  that  devices  based  on  the 
former  are  more  stable  [81].  Besides  ZnO,  zinc  oxides  are  also  used 
in  OSCs  in  doped  forms,  like  Al-doped  ZnO  (AZO)  [82],  or  Sr  and  Ba 
doped  ZnO  [83].  Liu  et  al.  fabricated  BHJ-OSCs  based  on  AZO  an¬ 
odes,  which  exhibit  strong  absorption  in  the  UV  part  of  solar 
spectra.  As  a  result,  these  devices  show  similar  PCE  with  those 
based  on  ITO  anodes,  but  exhibit  much  improved  UV  resistance 
[84]. 

Molybdenum  oxides  are  commonly  used  HTLs  in  OSCs  [85,86]. 
Recently,  Zhang  et  al.  found  that,  MoOx  is  thermally  unstable  and 
releases  oxygen  from  the  surface  upon  thermal  annealing.  As  a 
consequence,  a  surface  dipole  is  generated,  which  further  up-shifts 
the  energy  levels.  In  organic  semiconductor  devices,  this  might 
form  a  charge  transport  barrier  between  MoOx  and  organic  semi¬ 
conductors  [87].  This  thermal  instability  explains  the  afore¬ 
mentioned  relatively  low  shelf  stability  of  AlTi-OSCs  with  HTLs 
of  M0O3,  compared  to  those  with  PEDOT:PSS.  It  should  be  noted 
that  the  refractive  index  matching  between  the  MoO*  (compared  to 
PEDOT:PSS)  layer  and  the  PAL  may  increase  the  light  absorption  in 
the  PAL,  thereby  possibly  increasing  the  PCE  [59]. 

4.3.  Silver  as  the  top  anode 

Besides  aluminum,  silver  has  also  been  widely  used  to  fabricate 
electrodes  of  OSCs,  by  vacuum  deposition  or  printing.  Tavakkoli 
et  al.  found  that  PHJ-OSCs  with  silver  cathodes  are  more  stable  than 
those  with  aluminum  cathodes  in  air.  They  attributed  this  diver¬ 
gence  to  the  morphological  refinement  of  silver  compared  to 
aluminum  51]. 

As  a  noble  metal,  silver  electrodes  are  normally  more  stable  than 
aluminum  electrodes  in  air.  However,  silver  is  more  suitable  for  the 
anodes  since  the  work  function  of  silver  can  be  improved  upon 
exposure  to  oxygen.  Lloyd  et  al.  fabricated  inverted  OSCs  without 
fullerene,  with  ZnO  as  ETLs  and  silver  as  top  anodes.  They  found 
that  these  devices  can  be  stable  in  air  over  one  year,  but  with  a 
relatively  low  PCE  of  0.1%  [39]. 

One  important  factor  in  manufacturing  OPV  modules  is  the  cost. 
Printing  and  roll-to-roll  processes  are  the  most  economical  ways  of 
manufacturing  large-scale  thin-film  electronic  devices.  Krebs  et  al. 
analyzed  the  manufacturing  cost  of  OPV  modules  in  the  roll-to-roll 
process.  Silver  paste  was  used  as  the  top  electrode  while  ITO  was 
used  as  the  bottom  electrode.  The  highest  materials  cost  in  the  roll- 
to-roll  manufacturing  comes  from  the  ITO  layer,  followed  by  the 
PAL,  the  ZnO  layer,  and  the  silver  paste  layer  47].  The  application  of 
silver  paste  is  more  desirable  than  other  printable  metals  (Mo,  Cr, 
Ti,  and  Au)  for  large-scale  production  [24]. 

Nevertheless,  Rosch  et  al.  studied  the  surface  imaging  of  many 
OSCs  along  with  the  degradation,  and  pointed  out  that  the  electro¬ 
migration  of  silver  in  the  OSCs  causes  the  degradation  of  the  de¬ 
vices  [88]. 

4.4.  Titanium- aluminum  as  the  top  cathode  for  conventional  OSCs 

Combined  with  aluminum,  titanium  significantly  improves  the 
stability  of  conventional  OSCs.  Although  it  is  still  unknown  to  what 
extent  titanium  layers  oxidize  during  deposition  in  vacuum,  one 
advantage  of  this  technique  is  that  titanium  and  aluminum  can  be 
processed  in  the  same  vacuum  system,  saving  fabrication  time.  The 
high  air-stability  of  AlTi— OSCs  does  not  come  from  the  oxygen- 


vacancy  in  titanium.  Evidence  is  that  OSCs  with  cathodes 
composed  of  100  nm  titanium  show  much  lower  stability 
compared  to  those  with  2  nm  titanium  and  100  nm  aluminum  89]. 
In  this  subsection,  we  discuss  the  functionalities  of  titanium  in 
OSCs. 

Titanium  surfaces  exposed  in  air  are  immediately  oxidized  to 
Ti02,  which  is  an  n-type  anion-defective  oxide,  through  which 
oxygen  ions  can  interstitially  diffuse.  By  adding  specific  doping 
atoms  like  Al,  Nb,  etc.,  the  diffusion  rate  of  oxygen  in  titanium  can 
be  significantly  decreased  by  forming  a  dense  metal  oxide  layer 
[90,91  ].  In  AlTi— OSCs,  the  aluminum-titanium  interfaces  need  to 
be  passivated  to  prevent  air  intrusion.  The  passivation  consumes 
(scavenges)  oxygen  residing  in  the  bottom  layers  or  intruding  from 
the  ambient  atmosphere.  However,  such  an  oxygen  scavenging 
process  is  slow  as  discussed  below. 

Diffusivity  depends  on  temperature  following  the  Arrhenius 
relation:  D  =  Do  exp[-QJ{RT)],  where  Qis  the  activation  energy,  and 
Do  is  the  pre-exponential  constant.  The  diffusivity  of  oxygen  in  a-Ti 
(the  stable  form  of  titanium  at  <1155  I<)  is  approximately 
0.0067  x  10-1242°/T  m2  s-1  at  860-1490  K.  The  diffusivity  of  oxygen 
in  the  surface  scale  (rutile)  of  titanium  is  approximately 
0.087  x  10-1211°/T  m2  s”1  at  866-1033  I<  [92].  The  diffusivity  of 
aluminum  in  a-Ti  is  approximately  0.0013  x  10 -1665°/T  m2  S_1  at 
900-1155  K.  [91]  Supposing  that  the  Qs  and  D0s  are  also  valid  at 
room  temperature  (300  K),  the  estimated  Doxygen  in  a-Ti,  ^oxygen  in 
rutile,  and  DAi  in  a-Ti  are  9.0  x  10-23,  1.4  x  1CT20,  and 
1.4  x  10-37  nm2  h_1,  respectively.  We  may  accordingly  infer  that  the 
diffusion  of  oxygen  and  aluminum  in  titanium  is  very  slow  at  room 
temperature.  Oxygen  that  diffuses  to  the  Al-Ti  interfaces  and 
further  passivates  the  interfaces  should  mainly  come  vertically 
from  the  organic  side,  instead  of  laterally  from  the  titanium  layers. 

We  thus  propose  the  following  model.  Aluminum  extracts  ox¬ 
ygen  from  titanium  oxides  93],  so  the  aluminum-titanium  inter¬ 
face  is  expected  to  be  more  efficient  in  scavenging  oxygen.  On  the 
other  hand,  oxygen  forms  a  concentration  gradient  in  titanium  as  a 
consequence  of  the  slow  diffusion.  The  titanium  layer  should  be 
thin  enough  to  prevent  the  intrusion  of  air  before  the  formation  of  a 


Fig.  14.  TOF-SIMS  depth  profiles  of  anions  sputtered  from  an  Al-OSC  (top)  and  an 
AlTi-OSC  (bottom,  structure  on  the  left  of  Fig.  11 )  after  exposed  in  air  over  two  months. 
The  color  bars  on  the  top  of  each  figure  represent  regions  cut  at  fifth  of  maximum 
intensities  of  the  related  anions.  Edges  of  Al  and  C6o  bars  were  indicated  with  the 
vertical  arrows  [11].  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


Table  1 

Conventional  BHJ-OSCs. 


Structure 

Area  cm2 

Jsc  niA  cm  2 

V0CV 

FF 

PCE  %  RsAQ 

ITO/PEDOT:PSS/P3HT:PCBM/Al 

0.6 

- 

- 

- 

0.25  - 

ITO/PEDOT:PSS/MDMO-PPV:PCBM/Al 

17.1 

0.12 

1.1 

0.26 

0.035  - 

ITO/PEDOT:PSS/P3HT :  PCBM/A1 

10 

3.9 

0.48 

0.26 

0.48  - 

Ag/PEDOT:PSS/ZnO/PCBM:P3HT/ 

PEDOT:PSS/Ag 

186 

5.45 

4.76 

0.56 

1.05  - 

ITO/HTL*/P3HT :  PCBM/Ca/Al 

233  (total) 

0.073 

29 

0.51 

1.09  - 

ITO/MeO-TPD:C6oF36/ZnPc:C6o/C60/ 

0.064 

7.3 

0.54 

0.56 

1.4 

BPhen/Al 

7.4 

0.54 

0.56 

1.4 

7.6 

0.54 

0.56 

1.5 

ITO/PEDOT:  PSS/P3HT:  PCBM /ZnO(  sol 

7.6 

0.52 

0.4 

1.59  26.7 

-gel  +  NPs)/Al 

ITO/PEDOT: PSS/P3 HT( 98%  RR) :  PCBM /Al 

0.1 

9.3 

0.54 

0.52 

2.5 

ITO/PEDOT:PSS/P3HT(94%  RR):PCBM/A1 

8.8 

0.54 

0.48 

2.3 

ITO/MoOx/P3HT:PCBM/Al 

1.0  or  1.2 

8 

0.58 

0.58 

2.7 

ITO/PEDOT:PSS/P3HT:PCBM/  Mg:Ag/Ag 

- 

10.4 

0.58 

0.49 

2.96  - 

Ag 

9 

0.4 

0.37 

1.33 

Ca/Al 

10.4 

0.6 

0.61 

3.81 

ITO/Mo03/P3HT:PCBM/Yb/Al  (150  nm) 

0.13 

9.8 

0.58 

0.63 

3.6 

- 

ITO/PEDOT :  PSS/P3HT :  PCBM/SPPO 1  /Al 

0.04 

12 

0.56 

0.56 

3.8 

- 

ITO/PEDOT:PSS/P3HT:PCBM/CrOx/Al 

0.02 

11.2 

0.58 

0.61 

3.9 

- 

ITO/PEDOT:PSS/P3HT:PCBM/PEG-200/A1 

_ 

10.3 

0.59 

0.66 

4 

1.5 

ITO/PEDOT:PSS/P3HT:PCBM/Al 

8.35 

0.49 

0.54 

2.3 

12.5 

ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al 

- 

- 

- 

- 

- 

Sealing  method 


Storage  condition 


Txx  or  txx  h  T50/T80  h  Notes 


Ref 


PEN-based  foils; 

D,  r.t.,  35-50%  RH 

T50 

6000 

Flexible  substrate 

[104] 

two-component 

6000 

(1.5%  PCE  for  same 

epoxy  resin 

T54 

3261 

size  glass  substrate); 

3000 

Al  plate;  reinforced 

LL  (on  average) 

T65 

Occasionally  used 

[105] 

epoxy 

8592 

under  solar  illumination 

UV  curing  adhesive, 

D,  r.t.,  20-35% 

T80 

7000 

Roll-to-roll 

[106] 

lower  WVTR  barrier 

2800 

foils 

LL,  20  mW  cm-2, 

T80 

30  °C,  12.5%  RH 

700-1000 

L,  70  °C,  12.5%  RH 

T80 

500-1300 

O,  r.t. 

T80 

1500 

Cavity  glass; 

L  (Xe  lamp) 

T80/T50 

/2600 

PCE  certificated  by  NREL; 

[107] 

UV-curable 

2600/8100 

T80/T50  were  estimated 

sealant;  getter 

50%  L-D  duty 

T80/T50 

according  to  the  given 
degradation  rate 

T80/T50  were  estimated 

4350/13,500 

according  to  the  given 
degradation  rate 

None 

N2,  33  mW  cm-2, 

t80/t50 

- 

[34] 

49  °C,  RH  =  0 

405/2700 

None 

02,  33  mW  cm"2, 

t80/t50 

49  °C,  RH  <  17% 

43/74 

None 

H20:N2,  33  mW  cm”2, 

t80/t50 

49  °C,  65%  RH 

6.0/11 

None 

D,  r.t. 

T75 

3744 

Tungsten-halogen 

[108] 

1872 

lamp,  100  mW  cm”2 

None 

n2 

T7 

- 

[109] 

480 

T79 

2880 

None 

D,  r.t. 

T69 

806 

- 

[58] 

500 

None 

D,  N2 

T62 

Ca/Al  or  Ba/Al  are  the 

[25,74] 

1008 

most  efficient/stable 

T16 

cathodes  in  vacuum, 

1008 

on  the  shelf 

T89 

1008 

L,  N2 

T50 

/45 

140 

10%  L,  N2 

T85 

200 

None 

D,  r.t.,  30-40%  RH 

T80 

1500 

T80  of  PEDOT:PSS-OSC  is  10  h 

[56] 

600 

Glass,  getter 

L,  60  °C 

T87 

[28] 

10 

None 

- 

T50 

168 

CrOx  was  formed  by 

[76] 

168 

depositing  5  nm  Cr  in  a 
low  vacuum  chamber 

None 

D,  r.t.,  50%  RH 

T80/T50 

1800 

PEG  vertically  diffuses  to  the 

[110] 

500/1800 

top  and  form  beneficial  ohmic 

T80/T50 

75/360 

360 

contacts  with  Al; 

( continued  on  next  page) 
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passivation  layer.  This  model  agrees  well  with  the  fact  that  AlTi— 
OSCs  with  eight-nanometer  Ti  are  less  stable  than  those  with 
thinner  Ti  [11]. 

Titanium  diffuses  into  the  organic  layers  in  AlTi-OSCs  (Fig.  14). 
Titanium  tends  to  cluster  on  fullerene  [94],  instead  of  interstitially 
diffusing  into  octahedral  interstices  in  the  fullerene  lattice  like  al¬ 
kali  metals  [95].  This  ensures  that  the  initially  deposited  atomic 
layers  of  titanium  probably  exclusively  occupy  the  grain  boundaries 
of  fullerene.  This  tendency  is  important  because  it  retains  the 
structure  and  therefore  the  electronic  properties  of  fullerene.  Be¬ 
sides,  the  filling  of  grain  boundaries  in  fullerene  slows  down  the 
diffusion  of  gases,  which  proceeds  more  favorably  through  grain 
boundaries. 

Replacing  BCP  with  relatively  stable  candidates  like  tris-8- 
hydroxy-quinolinato  aluminum  (Alq3)  [96],  l,3,5-tris(2-N-phenyl- 
benzimidazolyl)  benzene  (TPBI)  [61],  or  BPhen  [51]  can  further 
improve  the  half-shelf-lives  of  the  AlTi-OSCs  to  a  time  scale  of  a 
year. 

4.5.  Modified  ITO  as  the  bottom  cathodes  for  inverted  OSCs 
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The  stability  of  inverted  OSCs  can  be  improved  by  modifying  the 
bottom  ITO  electrodes  with  ultrathin  polycationic  layers  [35]. 
Polymers  containing  amino  groups  universally  reduce  the  work 
function  of  ITO  and  thus  ITO  is  applicable  as  the  bottom  cathode  in 
semiconductor  devices  [71]. 

Worfolk  et  al.  reported  inverted  OSCs  with  a  structure  of  ITO / 
[P3(TBP)HT/PED0T:PSS]5.5/PC7iBM:PBDTrPD/V205/Al,  with  PCE  of 
4.4%  and  T97/T78  of  1080  h/1580  h  in  ambient  air  [97].  Interest¬ 
ingly,  the  degradation  curve  shows  a  tendency  of  acceleration  with 
storage  time  in  air.  This  is  probably  correlated  with  the  final  arrival 
of  air  from  the  top  layers  to  the  bottom  cathode/acceptor  layers,  or 
the  failure  of  the  top  electrode. 

Song  et  al.  fabricated  inverted  OSCs  with  3-amino- 
propyltriethoxysilane  (APTES)  modified  ITO  as  the  bottom  cathode. 
The  APTES  reduces  the  work  function  of  ITO  from  4.9  eV  to  4.4  eV. 
The  device  structure  was  ITO/APTES/PCBM:PBDTTT-C/Ag,  with  PCE 
of  4.83%.  No  buffer  layer  was  used  beneath  the  top  silver  anode. 
They  found  that  the  T80  of  the  fabricated  devices  stored  on  the  shelf 
in  air  is  720  h  [98]. 

Tan  et  al.  fabricated  inverted  OSCs  with  a  structure  of  ITO / 
PDMAEMA/PCBM:P3EIT/Mo03/Ag,  in  which  the  polymer  Poly(2- 
N,N-dimethylaminoethyl  methacrylate)  (PDMAEMA)  reduces  the 
work  function  of  ITO  from  4.38  eV  to  3.94  eV.  These  devices  exhibit 
an  averaged  PCE  of  3.2%  and  super  high  stability  in  air.  T94  is  1344  h 
in  air  under  56  cycles  of  8  h  of  AM1.5  irradiation  and  16  h  of  dark 
storage.  They  further  compared  the  stability  of  devices  based  on 
polymer-modified  ITO  with  those  based  on  ITO/ZnO  nanoparticles 
(NPs)  and  found  that  the  former  are  more  stable  [12].  These  results 
further  confirm  the  importance  of  the  cathode-acceptor  interface  in 
the  stability  of  OSCs. 

5.  Overview  of  lifetimes  in  literature 
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Due  to  the  extremely  intricate  structures  of  modern  OSCs,  shelf/ 
aging  stability  of  fabricated  devices  involves  a  number  of  variables. 
Besides  the  large  variation  in  component  materials,  the  large 
variation  in  encapsulation/storage/test  conditions,  and  more 
importantly,  the  scattered  initial  efficiencies  of  as-fabricated  de¬ 
vices  make  comparison  among  lifetimes  only  meaningful  for  those 
of  the  same  PALs,  with  similar  initial  performances,  and  under  the 
same  encapsulation/storage  conditions  and  test  procedures.  A 
consensus  has  been  reached  [99],  with  regard  to  accounting  for 
variations  in  the  encapsulation/storage/test  conditions  reported  in 
literature. 


Table  2 

Inverted  BHJ-OSCs. 


Structure 

Area  cm2 

JscmAcm  2 

V0CV 

FF 

PCE  % 

R<A 

Sealing  method 

Storage 

Txx  or  txx  h 

T50/T80  h 

Notes 

Ref 

Q  cm2 

condition 

ITO/ZnO/PCBM:P3HT/Ag 

- 

7.2 

0.31 

0.32 

0.7 

- 

None 

D,  r.t. 

T50  (half 

5750 

Each  test  lasted  3  min; 

[39] 

maximum  PCE) 

100  mW  cm  2  tungsten— halogen 

5500-6000 

lamp;  even  longer  lifetime  was 
given  with  unknown  efficiency. 

ITO/ETL/PCBM :  P3  HT/tPP/Ag 

(Modules) 

0.49 

5.6 

0.58 

3 

- 

Two  3  M  PET/PEN 

85  °C; 85%  RH 

T80 

IEC  chamber  test  Roll-to-roll; 

[35] 

films 

1800 

PET  substrate; 

(5  x  10-3  g/(m2  day) 

65  °C; 85%  RH 

T80 

UV  protection 

WVTR) 

9000 

films 

85  °C; 85%  RH 

T90/T80 

1000/1800 

Test  in  T0V 

Two  glass  plates; 

85  °C; 85%  RH 

T100/T90/T80 

/3600 

Water  diffusion  after 

5  cm  edge  sealing 

1500/2500/3600 

1700  h  from  edges 
caused  the 
degradation 

ITO/ZnO(NP)/PCBM: 

- 

10.2 

0.57 

0.53 

3.05 

- 

None 

- 

Til  5 

Very  long 

ZnO  was  solution  processed;  stored 

[48] 

P3HT/Mo03/Ag 

1344 

in  air,  and  tested  in  N2 

ITO/Mo03/P3HT:PCBM/ZnO/Al 

6.3 

0.53 

0.66 

2.19 

T80/T50 

100/550 

550 

Cr/Al/Cr/PCBM:P3HT/PEDOT: 

- 

8 

0.61 

0.64 

3.1 

- 

Glass;  UV-curing 

L,  50  °C 

T82 

/1 687 

UV-reduced  illumination;  unstable 

[75] 

PSS(200  nm)/Au 

adhesive 

1500 

without  encapsulation;  thinner  PAL 

Ti/Al/Ti/PCBM :  P3HT/PEDOT: 

8.1 

0.61 

0.62 

3.1 

T59 

/100 

device  is  more  stable,  but  with 

PSS(200  nm)/Au 

1500 

compromised  PCE 

3 

I  (75  mW  cm-2) 

T52 

4700 

ITO/ZnO(  sprayed  )/PCBM : 

0.38  (mask) 

9.6 

0.6 

0.55 

3.17 

4.6 

None 

D,  r.t. 

T80 

1800 

Spin,  spray,  sputter  coatings 

[103] 

P3HT/PEDOT:PSS/Ag 

720 

are  equivalent 

ITO/PEI/PCBM:P3HT/PEDOT: 

0.1 

9.8 

0.56 

0.57 

3.2 

- 

None 

D 

T100/T70 

4080 

Inverted  structure;  tested  in  N2; 

[71] 

PSS/Ag  (150  nm) 

720/2448 

averaged  over  5  devices 

ITO/PDMAEMA/PCBM : 

- 

9.1 

0.57 

0.62 

3.2 

- 

None 

56  cycles  of 

T94 

11,200 

Estimated  as  shelf  stability 

[12] 

P3HT/Mo03/Ag 

1/3L  +  2/3D 

1344 

(linear  decay) 

ITO/ZnO(NPs)/PCBM :  P3HT/Mo03/Ag 

9.1 

0.56 

0.65 

3.3 

T79 

3200 

1344 

ITO/[P3(TBP)HT/PEDOT: 

9.2 

0.55 

0.6 

3.5 

- 

None 

n2 

T83 

eLbL  assembled  HTLs;  tested  in  air 

[97] 

PSS]5.5/PCBM:P3HT/V205/A1 

8760 

ITO/[P3(TBP)HT/PEDOT: 

0.16  x  4 

8.9 

0.89 

0.57 

4.4 

D,  r.t. 

T97/T78/T50 

2500 

T50  was  estimated  with 

PSS  ]  5.5/PC71  BM :  PBDTTPD /V205/A1 

1080/1580/2500 

linear  extrapolating 

ITO/ZnO(NPs)/PCBM: 

- 

10.7 

0.62 

0.54 

3.61 

4 

None 

r.t. 

T80 

2400 

- 

[113] 

P3HT/PEDOT:  PSS/Ag 

960 

ITO/ZnO/PCBM:PBDTTT-C/Ag 

0.38 

11.3 

0.76 

0.5 

4.33 

3.9 

None 

D,  r.t. 

T80 

1800 

Both  devices  are  more  efficient/stable 

[98] 

ITO/APTES/PCBM:PBDTTT-C/Ag 

12.4 

0.76 

0.5 

4.83 

2.9 

720 

than  bare  ITO;  APTES  suppresses 

Indium  diffusion 

ITO/ZnO/PC7i  BM :  PTB7/Mo03/Ag 

0.1 

14.7 

0.72 

0.69 

7.3 

2 

Glass;  epoxy 

- 

T9  6 

10,500 

ZnO,  Ti02:Cs  processed  in  N2  and  air, 

[81,114] 

840 

respectively;  DIO  was  added  to  the 

IT0/Ti02:Cs/PC7iBM:PTB7/Mo03/Ag 

14.2 

0.71 

0.63 

6.4 

4 

T87 

3230 

polymer;  tested  in  N2 

840 

ITO/PEDOT:  PSS /PTB7 :  PC71  BM /Ca/Al 

14.5 

0.74 

0.69 

7.4 

- 

T70 

400 

240 

FT0/Ti02/CH3NH3PbI3/HTM/Au 

0.29 

20 

0.99 

0.73 

15 

- 

50-pm-thick 

L  (LED, 

T80 

/500 

DSSC;  the  weathering  tested  cell 

[100] 

hot-melting  polymer; 

100  mW  cm-2), 

500 

had  an  initial  PCE  of  8.8% 

microscope  coverslip 

45  °C 
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The  efficiency  and  stability  are  also  influenced  by  the  size  of  the 
active  area  [55,76].  In  general,  enlarging  the  active  area  leads  to 
lower  efficiency  but  higher  stability.  This  suggests  that  for  some 
devices,  extrinsic  degradation  is  also  influenced  by  air  diffused  from 
peripheral  edges. 

We  compared  the  stability  of  devices  in  the  literature,  each  of 
which  involves  at  least  one  stabilization  method.  We  separately 
compare  the  stability  of  conventional  BHJ-OSCs  (Table  1)  and 
inverted  BHJ-OSCs  (Table  2),  and  the  stability  of  conventional  PHJ- 
OSCs  (Table  3)  and  inverted  PHJ-OSCs  (Table  4).  For  comparison, 
performances  of  a  newly  reported  high-efficiency  dye-sensitized 
solar  cell  (DSSC)  are  listed  at  the  end  of  Table  2  [100]. 

In  Tables  1-4,  the  sizes  of  active  areas,  the  initial  values  of  key 
parameters  C/sc,  V0g  FF  and  PCE),  the  encapsulation/storage/test 
conditions,  and  the  lifetimes  (shelf  or  aging)  of  devices  are  listed. 
Besides  the  four  key  parameters  of  each  device,  series  resistance 
RsA  (series  resistance  times  active  area),  which  reflects  how  easy 
electric  charges  can  transport  at  interfaces,  is  also  listed.  Note  that 
RsA  is  a  temperature/light  intensity  dependent  parameter  [18]  and 
can  be  extracted  by  various  methods.  Light  induced  degradation  of 
OSCs  has  been  suggested  to  be  a  consequence  of  the  photo¬ 
absorption  rather  than  the  photocurrent  [101].  Whether  the  cir¬ 
cuit  was  opened,  shorted  or  kept  at  maximum  power  points  during 
the  light  irradiation  did  not  influence  the  stability  [80,102].  The 
related  devices  were  stored  under  the  following  conditions  during 
the  idle  periods  of  testing:  L  means  continuous  simulated  solar 
light,  LL  means  low  light,  D  means  dark,  0  means  outdoor,  and  r.t. 
means  room  temperature.  The  default  ambient  condition  is  in  air, 
unless  noted. 

We  roughly  estimated  some  of  the  parameters  from  related 
curves  appearing  in  the  literature,  by  linear  interpolation/extrap¬ 
olation.  The  degradation  curves  of  OSCs  under  continuous  light 
irradiation  may  either  decay  exponentially,  or  experience  sudden 
catastrophic  failures  due  to  air  leakage  [31,45].  Txx  represents  the 
time  for  PCE  reaching  xx%  of  the  initial  value  (ISOS  definition  [99]) 
or  maximum  value  (e.g.  Ref.  [103])  as  illustrated  in  Fig.  15,  while  txx 
represents  the  related  time  according  to  Jsc- 

PCE  usually  decays  exponentially  under  continuous  light  irra¬ 
diation.  However,  different  storage  conditions  and  aging  tempera¬ 
tures  cause  much  different  degradation  rates.  Furthermore,  as 
mentioned  above,  continuous  irradiation  sometimes  causes 
recoverable  fatigue  of  devices.  Both  make  it  difficult  to  compare 
among  aging  lifetimes  in  different  papers.  We  estimated  the  80% 
aging  lifetimes  of  a  few  devices  with  an  exponential  decay  model: 
T80  =  lnl.25/[ln  100  -  ln  (xx)]  x  Txx.  For  example,  supposing  that 
T94  of  a  device  is  100  h,  its  T80  is  then  lnl.25/ 
[ln  100  -  ln  (94)]  x  100  h  ~  361  h.  Note  that  some  degradation 
curves  are  double-exponential  decays.  This  means  that  the  degra¬ 
dation  perhaps  follows  a  second-order  homogeneous  linear  ordi¬ 
nary  differential  equation  (ODE)  ofy"  +  ay '  +  by  =  0,  where  a  and  b 
are  constant  (open  squares  in  Fig.  15). 

On  the  other  hand,  the  stability  of  devices  stored  on  the  shelf 
reflects  the  durability  of  devices  in  ambient  air.  The  shelf  stability 
has  two  major  variables.  One  is  the  total  amount  of  light  irradiation 
received  by  each  device  during  storage  and  intermittent  tests.  The 
other  is  the  ambient  humidity.  Supposing  that  influences  from  both 
are  negligible,  the  shelf  stability  can  then  be  compared  among 
devices.  We  estimated  the  half-shelf-life  of  some  devices  by  a  linear 
decay  model:  T50  =  50/(100  -  xx)  x  Txx.  Using  this  model  to 
calculate  T50  from  a  relatively  large  xx  (for  example  xx  >  90)  might 
lead  to  over-estimation,  because  many  devices  are  degradation-free 
in  the  initial  period,  followed  by  accelerated  degradation  (triangles 
in  Fig.  15)  [97]. 

It  is  interesting  to  note  that  the  curvatures  of  both  types  of 
degradation  curves,  i.e.  exponential-like  and  linear  decays  can  be 


Table  4 

Inverted  PHJ-OSCs. 
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Structure 

Area  cm2 

Jsc  mA  cm  2 

V0CV 

FF 

PCE  %  RsA  Q  cm2 

Sealing 

method 

Storage 

condition 

TXx  h 

T50  h 

Notes 

Ref 

AZO/PTCDI/PHT/Alq3/Au 

0.03 

2.24 

0.36 

0.45 

0.39 

None 

r.t. 

T110 

960 

- 

FF  increased  in  air 

[82] 

ITO/Alq3/C60/CuPc/Au 

0.09 

3.4 

0.35 

0.44 

0.76 

None 

— 

T50 

1500 

1500 

75  mW  cm-2 

[40] 

ITO/Alq3/C6o/CuPc/C6o 
(5  nm)/Al 

0.09 

3.5 

0.43 

0.39 

0.78 

None 

r.t. 

T50 

950 

950 

The  inserted  ultrathin 

C6o  layer  is  indispensible; 
75  mW  cm-2 

[32] 

roughly  interpreted  by  a  lateral  diffusion  model  [64].  The  model 
concept  is  simple:  oxygen  is  assumed  to  be  the  dominant  compo¬ 
nents  leading  to  degradation,  and  is  (boldly)  assumed  to  diffuse 
laterally  from  submicroscopic  pinholes  in  OSCs.  Along  with  diffu¬ 
sion,  the  contaminated  area  is  de-activated  due  to  the  strong  charge 
trapping  effect  of  oxygen.  According  to  Fields  second  law  of  diffu¬ 
sion,  the  contaminated  area  surrounding  the  oxygen  source  in¬ 
creases  in  radial  size  linearly  with  time  (linear  decay,  open  circles  in 


Time 


Fig.  15).  On  the  other  hand,  the  diffusivity  of  oxygen  in  fullerene 
increases  under  light  irradiation,  likely  leading  to  rapid  degrada¬ 
tion.  Flowever,  since  oxygen  is  also  immobilized  by  various  photo- 
assisted  oxidations  under  light  irradiation,  the  lateral  diffusion  will 
become  slowed  with  time  (exponential-like  decay),  or  even  cease  if 
the  immobilization  is  strong  enough  to  compensate  diffusion. 

Normalized  PCE— t  curves  are  often  used  to  show  the  relative 
degradation  rates  among  devices.  Nevertheless,  for  OSCs  with  the 
same  materials  and  the  same  encapsulation/storage/test  pro¬ 
cedures,  lifetimes  depend  significantly  on  the  initial  PCEs.  A  device 
with  a  lower  PCE  often  surpasses  its  initial  PCE,  reaches  its 
maximum  efficiency  a  few  hours  or  even  months  after  fabrication 
(solid  squares  in  Fig.  15),  and  therefore  be  more  stable.  It  is  there¬ 
fore  suggestive  to  calculate  the  lifetime  based  on  the  maximum, 
instead  of  the  initial  PCE  in  this  case.  A  plausible  way  of  avoiding 
error  is  to  compare  the  integrals  of  PCEs  over  time.  A  detailed 
mechanism  describing  the  initial  increase  of  performance  is  yet  to 
be  developed.  It  is  probably  related  to  the  evolution  of  interfacial 
morphology,  which  is  not  optimized  initially,  or  due  to  the  oxygen 
scavenging  by  active  metal  cathodes. 

PCE  and  T50  of  unencapsulated  OSCs  with  T50  longer  than  one 
month  (720  h)  are  shown  in  Fig.  16.  Solid  and  hollow  symbols 
represent  conventional  OSCs  and  inverted  OSCs,  respectively. 

6.  Conclusions 


Fig.  15.  Examples  of  four  types  of  degradation  curves  as  well  as  the  80%  aging  life  (T80) 
and  half-shelf-life  (T50). 


10' 


CD 

-C 

CO 


PALs 

•  P3HT  :PCBM 
■  CuPc/C60 

◄  Other  Conventional 
O  PCBM:P3HT 

□  C60/CuPc 

<  Other  Inverted 


PCE  /% 


Fig.  16.  Performances  of  unencapsulated  OSCs  exposed  in  air.  Note  that  a  few  reports 
in  which  only  T100  or  even  higher  Txx  was  mentioned  were  not  included.  The  black 
horizontal  line  represents  one  year.  The  noted  numbers  are  PCE  x  100.  The  related 
details  can  be  found  according  to  the  related  PCE  in  tables.  The  top  3.2%  device  was 
tested  under  cycle  tests  [12]. 


We  review  recent  developments  of  the  degradation/stabiliza¬ 
tion  study  of  OSCs.  Up-to-date  understandings  of  the  degradation 
of  OSCs  caused  by  oxygen,  water  and  light  irradiation  are  described. 
A  few  effective  ways  of  stabilizing  OSCs  are  reviewed.  Additionally, 
essential  information  of  OSCs  appearing  in  recent  literature  is 
overviewed  for  an  easy  comparison. 

The  significance  of  oxygen  and  water  on  the  degradation  of  OSCs 
is  situation-dependent.  As  a  p-type  dopant,  oxygen  generally  cau¬ 
ses  degradation  by  affecting  the  acceptor  materials  and  cathodes  of 
active  metals.  Oxygen  also  occasionally  enhances  the  device  per¬ 
formance  by  modifying  the  work  function  of  donor  materials  and 
anodes  of  inactive  metals.  The  oxygen  content  in  the  photoactive 
layers  increases  linearly  with  the  loss  in  device  performance. 

On  the  other  hand,  as  a  polar  solvent,  water  causes  the  degra¬ 
dation  of  OSCs  mainly  by  corroding  active  cathodes.  Elygroscopic 
materials  like  PEDOT:PSS  accelerate  this  process.  Besides,  water 
induces  morphological  changes  of  constituent  materials  like  BCP, 
forming  undesirable  voids,  which  impair  interfacial  charge  trans¬ 
ports.  The  lifetimes  of  OSCs  decrease  exponentially  with  increasing 
REI  in  the  ambient  environment. 

Light  irradiation  may  activate  some  OSCs  in  which  metal  oxides 
are  used  as  the  cathode  buffer  layers.  Flowever,  it  normally  causes 
degradation  by  accelerating  oxidation,  or  by  accelerating  the 
diffusion  of  oxygen  and  water.  Light  irradiation  causes  the  revers¬ 
ible  degradation  of  OSCs.  The  light-induced  degradation  has  little 
correlation  with  the  light  intensity. 
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To  improve  the  stability  of  OSCs,  numerous  strategies  are 
available.  The  key  is  to  enhance  the  cathode-acceptor  interface.  For 
inverted  OSCs,  we  can  use  polymer-modified  ITO  as  the  bottom 
cathodes  and  Ag  as  the  top  anodes  with  appropriate  oxides  as 
buffer  layers.  For  conventional  OSCs,  aluminum-titanium  bilayer 
cathodes  as  the  top  cathodes  can  be  employed.  Unfortunately, 
neither  ITO  nor  titanium— aluminum  is  compatible  with  the  large- 
scale  roll-to-roll  manufacturing.  Therefore,  further  investigation  of 
roll-to-roll  compatible  and  air-stable  cathodes  is  still  urgently 
demanded  for  further  improvements  of  the  stability  of  OSCs. 
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